The empirical literature that tests for purchasing power parity (PPP) by focusing on the stationarity of real exchange rates has so far provided, at best, mixed results. The yen real exchange rate behavior, as compared to other major currencies, has most stubornly challenged the PPP hypothesis and deepened this puzzle. This paper contributes to this discussion by providing new evidence on the stationarity of bilateral yen real exchange rates. We employ a non-linear version of the Augmented Dickey-Fuller test, based on an exponentially smoothtransition autogregressive model (ESTAR) that enhances the power of the tests against mean-reverting nonlinear alternative hypotheses. Our results suggest that the bilateral yen real exchange rates against the other G7 and Asian currencies were mean reverting during the post-Bretton Woods era. Thus, the real yen behavior may not be so di¤erent after all but simply perceived to be so due to the use of a restrictive alternative hypothesis in previous tests.
Introduction
Testing for purchasing power parity (PPP) by focusing on real exchange rate stationarity has been a major focus of empirical international …nance. However, the existing evidence cannot be considered de…nitive. The empirical consensus in the 1980s that viewed real exchange rates as random walks shuttered the Casselian view of PPP. Although this consensus has ¤ University of Connecticut y If the true model involves nonlinear dynamics that can be adequately approximated in some metric by a STAR (smooth-transition autoregressive)-type model then such nonlinear tests are better equipped to reject the null hypothesis of a unit root as compared to the standard ADF test or other variants of it. In other words, our tests have greater power than the standard (ADF) tests for a particular mean-reverting nonlinear alternative hypothesis. Such tests allow for the presence of a "corridor regime" within which mean-reversion does not occur, a feature consistent with the recent theoretical models where the presence of nonlinearities implies a "band of inaction" (for example, see Sercu et al. 1995) .
The results of our analysis suggest that when allowing for a non-linear alternative the bilateral yen real exchange rate against the other G7 currencies appears stationary for our full sample (1960Q1-2000Q4) . Moreover this result does not change when we restrict our attention to the post-Bretton Woods era (with the exception of the yen/DM real exchange rate). Those results become more interesting when compared to those from corresponding ADF tests that provide limited evidence of stationarity. More importantly, the yen/dollar real exchange rate appears stationary during the current ‡oat -in contrast to most of the existing literature that has failed to produce evi- 1 For surveys see Boucher Breuer (1994), Froot and Rogo¤ (1995) , and Mark (2001) . 2 See also Blake and Kapetanios (2002) and Chortareas, Kapetanios and Shin (2002) dence in favor of its stationarity. In addition, we consider the bilateral real exchange rate of the yen with the Asian and Paci…c rim currencies as motivated by various considerations -including geographic proximity and trade intensities. The nonlinear tests are able to reject the nonstationarity null in at least twice the number of cases than the standard ADF tests during the current ‡oat period. The results of the analysis indicate that the inability to reject the unit-root null in the bilateral yen real exchange rates may not necessarily re ‡ect some extraordinary feature of this currency that refutes PPP, but rather the low power of tests against some alternative hypotheses or the presence of a "corridor regime" in the real yen adjustment process.
The next section provides a literature review on evidence for the yen real exchange rate stationarity. Section 3 describes the testing methodology of Kapetanios, Shin and Snell (2001) and the data. Section 4 presents the results of our analysis. Section 5 discusses those results emphasizing how they di¤er from existing evidence and why. Finally, section 6 concludes.
Literature Review
A stylized fact of the recent ‡oat is the di¢culty to distinguish real exchange rates from random walks and provide evidence for PPP. Various methodological approaches have been used including cointegration tests for exchange rates and prices, variance ratios tests, and unit root tests on real exchange rate series. Despite the theoretical appeal of PPP and the voluminous literature trying to uncover evidence of real exchange rate stationarity by considering longer time-series, low frequency data, and new statistical methodologies, studies on PPP remain inconclusive. Less ambiguity seems to exist, however, for the yen real exchange rate which is shown on balance to be nonstationary (e.g., Kim 1990 , Cheung and Lai 1998 , Koedijk et. al. 1998 ). Not only researchers have not been able to reject the null of a unit root with drift in the yen real exchange rate (Rogo¤ 1996) but also encountered di¢culties in …nding evidence for PPP when the yen was used as a base currency (e.g., Papell and Theodoridis, 1998) .
A number of possible reasons can be put forward for the failure to …nd evidence for PPP. These include traditional forms of price stickiness (Dornbusch, 1976) as well as explanations based on trade costs (e.g., Dumas, 1992 ) and price discrimination (e.g., Chari, Kehoe, and McGratan, 2000) . The empirical literature on the time-series properties of the Japanese real exchange rate has primarily focused on real factors, and in particular on cross-country differences in growth productivity. The trend-like appreciation of the Japanese real exchange rate has been viewed as a typical case of the Balassa-Samuelson e¤ect (e.g., Rogo¤ 1996, and Ito et. al. 1999 ). 3 Departing from similar concerns Ceglowski (1996) attempts to capture the e¤ects of relative productivity di¤erentials on yen real exchange rates using the procedures suggested by Perron (1990) and Perron and Vogelsang (1992) . Those tests and their modi…ed versions enrich the ADF tests by allowing consideration of breaks in the mean as well as in the trend. The tests are applied to data spanning from the 1910s to 1991 and the non-stationarity result of the ADF tests is reversed in up to three out of …ve bilateral real exchange rates. All identi…ed breaks in means, however, take place before the collapse of the Bretton Woods system, while the most recent break in trend is shown to take place in 1960. Since the current ‡oat is free from structural breaks the yen real exchange rate puzzle only deepens motivating further our analysis which is based on alternative methodology.
Sequential extensions of the ADF tests suggested by Banerjee et. al. (1992) have been considered as better equipped to capture the trends breaks and shifts in the data. Cheung and Lai's (1998) analysis that uses such tests covers four bilateral yen real exchange rates among others. When the mean shift is included in the alternative hypothesis they can reject the unit root null in the bilateral yen real exchange rates in only one out of four cases (yen/DM) in the post-Bretton Woods period when the mean shift is included in the alternative hypothesis and in none case when the trend-shift is included.
In general it has been di¢cult to reject the null hypothesis of a unit root in the real exchange rates when short data spans are considered -a di¢culty more pronounced under the current ‡oat. 4 Cheung and Lai (1998), however, show that relatively short sample sizes, such as the post-Bretton Woods era, do not necessarily render the rejection of non-stationarity impossible. They consider the bilateral real exchange rates of …ve industrialized countries including Japan using modi…ed Dickey-Fuller tests suggested by Park and Fuller (1995) and Elliott et. al. (1996) to avoid the low-power problem. While both tests indicate that in the presence of a trend the yen/FF and yen/DM real exchange rates are stationary, they still cannot reject the null of a unit root in the yen/sterling and -more importantly-the yen/dollar real exchange rates. 3 Obstfeld (1993) …nds that the yen real exchange rate is characterized by a time trend and attributes it to productivity growth di¤erentials between tradables and nontradables sectors. Marston (1987) also focuses on labor productivity di¤erentials. 4 Lothian and Taylor (1996) show that for sample sizes as that of the current ‡oat the power of standard unit root tests is extremely low resulting to an inability of rejecting the potentially false null.
The most popular recent method for circumventing the low-power problem of stationarity tests, however, is the use of panel methods. Applying such methods has typically allowed for the production of more evidence in favor of real exchange rate mean-reversion (e.g., Frankel and Rose 1996, McDonald 1996, Oh 1996, Wu 1996, Papell 1997). 5 Panel unit root tests, however, are not free from potential drawbacks including their excessive sensitivity to the country groupings and the panel size (e.g., see Papell, 1997 ).
Cheung and Lai (2001) focus on the possibility of long-memory dynamics. They consider eight bilateral yen real exchange rates examining for evidence of fractional integration and …nd that the order of integration of all series considered is between zero and one. The use of fractionally integrated processes allows for long-cycles and longer-term memory and provides a ‡exible enough framework to simultaneously describe large swings and mean-revering dynamics that may characterize real exchange rate behavior. Long-memory modelling, however, is essentially a purely statistical construct and the results should be interpreted with caution. The major di¢culty is associated with giving a direct and meaningful economic interpretation to the non-integer order of integration.
One must also note the existence of a relatively small 6 but growing literature on modeling exchange rates using nonlinear models such as the TAR and STAR models (e.g., Sarantis 2001 , Baum et. al. 2001 ). These papers, however, do not consider the interplay between non-linearity and non-stationarity since they simply assume that the series (or their di¤erences) are stationary.
Despite the widespread consensus on real yen yen's nonstationarity there exist studies providing evidence in favor of the opposite direction. Phylaktis and Kassimatis (1994) use black market exchange rates and …nd evidence for PPP but the results are stronger when Japan is excluded from their sample. Lothian (1990) …nds evidence that the yen real exchange rates are mean reverting in very long samples. Interestingly, Lothian (1990) indicates that this adjustment process may not be continuous. The possibility of such a discontinuous adjustment process further motivates the use of a threshold model which can be approximated by a STAR-type model as the one that we consider. (1)) model, y t =¯y t¡1 +¯¤y t¡1 © (µ; y t¡d ) + " t ; t = 1; :::; T ; d¸1;
where " t » iid (0; ¾ 2 ), and¯,¯¤ are unknown parameters. It is assumed that y t is a mean zero stochastic process. (For the case with non-zero mean and/or with a linear time trend see the discussion below.) © (µ; y t¡d ) denotes the transition function. We also assume that µ¸0, and the delay parameter d¸1 is given. If µ is positive, then it e¤ectively determines the speed of mean reversion. The representation (1) makes economic sense in that many economic models predict that the underlying system tends to display a dampened behavior towards an attractor when it is (su¢ciently far) away from it, but that it shows some instability within the locality of that attractor. A classic example is the ‡oor and ceiling model of output analyzed by Hicks (1950) .
Following the literature on the ST AR models the popular exponential transition function is considered.
The exponential transition function is bounded between zero and 1, i.e. © : R ! [0; 1], has the properties
and is symmetrically U-shaped around zero.
Using (2) in (1) gives an exponential ST AR (EST AR) model
The null hypothesis of a unit root is considered, which in terms of the above model implies that¯= 1 and µ = 0 (and thus © E (¢) = 0). Under the null, then (3) becomes the nonstationary linear AR(1) model:
Under the alternative of stationarity, µ is strictly positive and (3) becomes
This clearly shows that y t would locally follow a unit root in the region of y t¡d = 0 in which case¯+¯¤© E (µy t¡d ) would be unity. Large values of y t¡d on the other hand would result in an approximately linear AR(1) process with the stable root¯+¯¤ provided that ¡2 <¯¤ < 0. It is assumed that the latter is the case. Explicitly then the null hypothesis is
against the alternative
Obviously, testing the null hypothesis (6) directly is not feasible, since¯¤ is not identi…ed under the null (see Davies 1977 Davies , 1987 . Considering that the standard linear ADF test is not expected to be very powerful when the true process is stationary but nonlinear, the direct testing framework can be developed. This involves estimating the following auxiliary regression ¢y t = ±y
and using the following t-test statistic for (6)
where b ± is the OLS estimate obtained from the auxiliary regression and s:e: ³ b ±´is the standard error of b ±. The test is motivated by the fact that the auxiliary regression is testing the signi…cance of the score vector from the quasi-likelihood function of the EST AR model, evaluated at µ = 0. The LM test of (6) against (7) Under the alternative (7) y t is stable as 1 +¯¤© E (µy t¡d ) < 1 for all y t¡d .
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The N LADF test for the above case needs modi…cations to accommodate the process with a non-zero mean and a linear trend. In the case where the data have non-zero mean such that x t = ¹ + y t , the demeaned data x t ¡ ¹ x are used in (1), where ¹ x is the sample mean. Similarly, for the case with non-zero mean and non-zero linear trend such that x t = ¹ + ±t + y t the de-meaned and de-trended data x t ¡1 ¡±t are used in (1), where1 and± are the OLS estimators of ¹ and ±.
Asymptotic critical values of the N LADF statistics for the above three cases, denoted N LADF 1, N LADF 2, N LADF 3, respectively, have been tabulated via stochastic simulations with T = 1; 000 and 100,000 replications, and presented in Table 1 below. A relevant issue that emerges is the possibility of serial correlation in the error term. The presence of serial correlation may be dealt with by an augmentation similar to that undertaken for the Dickey-Fuller tests. In particular, lagged di¤erences of the dependent variable may be included in the regression and the asymptotic distribution of the t-test does not change. 8 Furthermore, many results that are valid for the linear case such as the data-dependent selection of the lag order of the augmentation extend to the nonlinear test. In this paper we use a sequential testing procedure to determine the optimal lag order starting from a maximum lag order of 4.
Data
We construct bilateral yen real exchange rate against the i-th currency at time t (q i;t ) as q i;t = s i;t + p J;t ¡ p ¤ i;t , where s i;t is the corresponding nominal exchange rate (i-th currency per yen), p J;t the price level in Japan, and p ¤ i;t the price level of the i-th country. Thus, a rise in q i;t implies a real yen appreciation against the i-th currency. The price levels are consumer price 8 For a proof and detailed discussion see Kapetanios, Shin, and Snell (2001). 8 indices and all variable are in logs. All data are from the International Monetary Fund's International Financial Statistics in CD-ROM. The data are not seasonally adjusted. The …rst set of bilateral real exchange rates consists of those of the other G7 countries, i.e., the US, the UK, Germany, Italy, France, and Canada. The second set of bilateral real exchange rates are those of Australia, Korea Singapore, Malaysia, Philippines, New Zealand, Hong Kong, Indonesia, Thailand, and Sri Lanka.
The Paci…c Basin countries of our sample represent approximately one fourth (24%) of Japan's total trade, the US represents another one fourth, and the remaining …ve G7 the 12%. 9 Furthermore, the experience of Japan may be of relevance for the Paci…c Basin countries. Ito et. al. (1999) suggest that the pattern of industrial development in Asia may be similar to what has been called a " ‡ying geese pattern" with Japan as a leader followed by Hong Kong and Singapore, which are followed by Korea, followed in turn by Taiwan and Thailand, then by Indonesia and so on.
All data are quarterly, spanning from 1960Q1 to 2000Q4 and the bilateral nominal exchange rates against the currencies other than the US dollar are cross-rates computed using the US dollar rates. Previous research on the stationarity of real exchange rates in general, and of the yen real exchange rate in particular has used monthly, quarterly, and annual data. Typically, lower frequency data were used when longer time spans were considered. Our sample is shorter as compared to studies whose data span measures in centuries or so (e.g., Lothian 1990, Ceglowski 1996) but almost one decade longer than the existing studies focusing on the post Bretton-Woods real yen behavior. Those analyses use annual and monthly data respectively. Using quarterly data, however, seems a good compromise, since it allows comparability of our results with most of the existing literature. 10 9 Data are from OECD's Statistical Comedium. 10 Recently, Taylor (2001) points to the implications of considering data whose frequency does not match that of the underlying arbitrage process. Clearly, considering low frequency data is not the best strategy when the hypothesized adjustment process is a high frequency one. Temporal aggregation problems may result to biased coe¢cients and low power in standard unit root tests. While such considerations valid we proceed with the quartely data to make our results comparable with those of the existing literature. We should note, however, that if the true model is nonlinear indeed high frequency data will make it easier to pick up the nonlinear adjustment. On the other hand, if the adjustment process is a long-memory one then it will be picked up easier by longer data spans of low frequency.
9 Figures 1 and 2 show the logarithms of the bilateral yen real exchange rates against the other G7 countries, and the Asia and Paci…c countries in our sample respectively. In all cases the presence of a trend in the bilateral yen real exchange rate is apparent. Hong Kong seems to be an exception, but this is possibly because of the limited data span. Thus, we include a trend in the unit-root tests we perform subsequently. Table 2 provides the results from applying the tests described in section 3.1 to the real exchange rates of the G7 countries, covering our full sample. These tests as well as the tests that we subsequently perform employ the version of the test that uses detrended data. The nonlinear version of the ADF (NLADF) tests show that all six bilateral real exchange rates are stationary either at the 1% or the 5% level of signi…cance. Furthermore, the choice of lag augmentation does not a¤ect the results. That is, all six series appear stationary when both a four-lag scheme is imposed and when the choice of the optimal number of lags occurs through an optimization routine that consecutively tests down from a higher to a lower number of lags. On the other hand, the standard ADF tests indicate stationarity for only two real exchange rates, namely the sterling and the Canadian dollar.
When we restrict our focus on the post-Bretton Woods era in Table 4 the results of the NLADF tests (of Table 2 ) remain robust. The only exception seems to be the yen/DM real exchange rate that displays a unit root under both the linear and nonlinear alternative hypotheses. The standard ADF tests provide evidence of stationarity for up to three bilateral real exchange rates, namely Italy, the UK, and Canada. Only the evidence for the yen/Canadian dollar real exchange rate, however, appears to be robust to the choice of the lag augmentation. On the contrary, the results of the NLADF tests that demonstrate stationarity in …ve out of the six real exchange rates are invariant to the lag length/order selection. It is interesting that our analysis allows rejection of the unit-root null for the yen/dollar real exchange rate despite the notable variability of the yen against the dollar during the sample which includes the turbulent dollar's 1980's.
Turning to the Asian and Paci…c economies now we obtain evidence of stationarity for six out of the nine countries when we consider the full sample period. Those results are invariant to the lag length selection. The countries for which we fail to reject the null hypothesis of a unit root are Korea, Malaysia and Sri Lanka. The results of the ADF tests depend on the method of lag augmentation. When the endogenous lag selection method is used then the ADF test rejects the null hypothesis of a unit root in only three cases out of nine. The countries for which the null hypothesis is rejected are Australia, Korea and the Philippines. Interestingly, the null hypothesis is rejected for Korea using the ADF test but not using the NLADF leading us to believe that there might be a degree of complementariness between the two tests. In other words the two tests seem to be powerful against di¤erent directions of deviation from the null hypothesis, as expected. Turning to the ‡oating exchange rate period, the NLADF test rejects the null hypothesis in …ve out of nine cases (Table 7) . These countries are Australia, Korea, Hong Kong, Indonesia and Philippines. This result is quite robust to the lag-length selection method employed. For example, when four lags are used, the result changes in only one country (Korea). The ADF tests, on the other hand, reject the nonstationarity null in up to two out of nine cases (and only when the automatic lag selection method is used).
Discussion
Our results indicate that when the alternative hypothesis in the unit root tests can accommodate the presence of nonlinear adjustment the yen bilateral real exchange rates appear to be mean-reverting. Those …ndings are consistent with recent theoretical analyses that point to various rigidities including transportation costs and monopolistic price-setting. For example, Sercu et. al. (1995) modify the Lucas (1982) model to allow for the presence of transactions costs, and show that the international imbalances between marginal utilities of consumption (the ratio of which corresponds to the real exchange rate) do not adjust if they are su¢ciently small relatively to the transaction costs. Dumas (1992) provides a model where spatial market separation and transaction costs give rise to a band of inaction. Deviations from PPP are persistent but mean-reversion through a nonlinear adjustment process …nally occurs. Uppal (1993) provides a similar nonlinear channel of real exchange rate adjustment.
Our …ndings are also consistent with other recent empirical approaches that consider nonlinear adjustment dynamics. Baum et. al. (2001) …nd evidence for weak PPP in the CPI-based yen/dollar real exchange rate. This study, as well as those by Balke and Fomby (1997) and Michael et. al. (1997) , focuses on cointegration between nominal exchange rates and price indices using threshold cointegration techniques. All those analyses, however, assume that the real exchange rate processes themselves are stationary and ergodic and focus on modeling the nonlinear adjustment. Our analysis di¤ers from the above in that we test for stationarity by examining for the presence of unit root in the real exchange rate process itself. Identifying the exact source of nonlinearities in the yen real exchange rates is beyond the scope of this paper.
A typical feature in the relevant literature is the di¢culty to produce evidence in support for PPP using the yen as the numeraire currency. For example, Papell and Theodoridis (1998) conduct both panel and univariate unit-root tests using the US dollar and the DM as base currencies and …nd stronger evidence for PPP in panels when the DM is used as the numeraire currency. Using the Yen as a base currency only increases the di¢culty to …nd evidence of real exchange rate stationarity. Koedijk et. al. (1998) use an alternative panel methodology that allows consideration of individual country e¤ects when testing for the relationship between exchange rates and prices. Similarly to the previous authors, they obtain stronger evidence for PPP when the DM rather than the US dollar is used as a numeraire. Using the Japanese yen, however, provides again the weakest evidence for PPP. Interestingly, the use of the the yen as the base currency throughout this study does not hinder the ability to produce evidence for stationarity for both the G7 bilateral real exchange rates and those of other Asian and Paci…c countries.
The nonlinear unit-root tests results provide always more evidence in support of the bilateral real yen stationarity when considering the full sample as compared to the current ‡oat only. This is consistent with Rogo¤'s (1996) observation that the most convincing evidence on PPP comes from data sets employing at least some …xed exchange rates data. Mussa (1986) also suggests that given the relatively similar price level paths under …xed and ‡oating exchange rates most of the variability in real exchange rates can be accounted for by changes in the nominal exchange rates. Whether the presence of this regularity in our …ndings is a feature of the longer data span or due to the …xity of the exchange rates, however, is a matter of further research.
Conclusion
If there is a G7 real exchange rate that makes the rejection of the unit-root hypothesis di¢cult, this is the yen real exchange rate. Existing research has responded either by accepting this results as a fact (typically attributing yen's behavior to Balassa-Samuelson e¤ects) or by considering longer data spans and -more recently-by utilizing di¤erent statistical techniques that may account for the series behavior more appropriately. Focusing on possible nonlinearities has been one direction within the last strategy.
We contribute to this discussion by considering the stationarity of bilat-eral yen real exchange rates using new unit root tests that incorporate a non-linear alternative hypothesis. That is, in contrast to other recent studies that assume real exchange rate stationarity and try to explain the nonlinear adjustment, we check for the presence of nonlinear dynamics in the process itself. Such considerations are consistent with recent theoretical developments that emphasize the role of transactions costs and monopolistic pricing as possible explanations for the presence of "inaction bands" and nonlinear mean-reversion of real exchange rates. Our results show that the null of nonstationarity is rejected when the alternative hypothesis in ADF-type unit root tests is modi…ed to allow for the presence of nonlinearities. The nonlinear ADF tests provide stationarity evidence for the Japanese real exchange rate in at least twice the cases as compared to the standard ADF tests during the post-Bretton Woods era. When considering our full sample (starting from 1960) all six bilateral yen real exchange rates against the other G7 countries emerge as mean-reverting. Similar results in favor of PPP emerge when we consider the bilateral yen real exchange rates with other Asian and Paci…c countries. Those results become more intriguing, when one recalls that earlier research encountered extra di¢culties in uncovering evidence for PPP when the yen was used as the base currency.
Providing an explicit explanation for the underlying sources of the nonlinear adjustment process in the yen real exchange rates is beyond the scope of this paper and constitutes the subject of further research. The present paper makes the point that the yen real exchange rate behavior may not be so particular after all. That is, it may be simply the use of tests that incorporate an inappropriate alternative hypothesis that is responsible for what has been considered "exceptional" real exchange rate behavior.
